The increasing demand for a high and homogeneous technological quality of common wheat (Triticum aestivum L.) points out the necessity of improving wheat with by a higher protein (GPC) and gluten content, strength of dough (W) and dough stability. Among the current crop practices, late-season nitrogen (N) fertilization, from heading to flowering, is generally considered the practice that has the most effects on the storage proteins and technological quality of the grain. In order to explore the influence late-season N application can have on the dough properties and on the formation of homogeneous lots in more detail, a research was set up between 2007 and 2013, over 6 growing seasons at different sites in North West Italy using the Bologna cultivar in each of the trials. Three different late-season N fertilization strategies were compared: T1, control without a late distribution of N; T2, foliar N fertilization at flowering; T3, top-dress granular soil fertilization at the beginning of heading. A randomized complete block experimental design with four replicates was adopted. The grain yield, GPC, W and P/L indexes were analyzed. Moreover, the rheological and enzymatic properties of the samples were studied using a Mixolab ® analyser (Chòpin Technologies, Paris, France).
Introduction
Currently, the increasing demand for specific quality wheat by the milling sector and the food industry points out the necessity of obtaining wheat lots with high and homogeneous technological quality.
Among the various wheat categories, the demand for the excel grade is increasing. Baking products of superior quality require standardized improver wheat flour characterized by high protein (GPC) and gluten contents, strength of dough (W) and dough stability (Foca et al., 2007) . In South Europe, superior quality common wheat (Triticum aestivum L.) flour is mainly obtained by adopting detailed crop practices, since the various pedo-climatic conditions can influence the growth of plants in an irregular way and thus lead to a variable response in the formation and accumulation of the reserves in kernels (Dupont and Altenbach, 2003; Saint Pierre et al., 2008; Troccoli et al., 2000) .
Nitrogen (N) fertilization is the main crop practice that can influence the storage proteins and rheological properties of flour (Flagella, 2006; Fuertes-Mendizábal et al., 2010) . The rate and timing of N applications are crucial factors, not only to obtain high yields, but also to increase GPC, gluten and the rheological parameters (Borghi et al., 1997; Garrido-Lestache et al., 2005; Corbellini et al., 2006) . Generally, in Southern European climatic conditions, the application of N fertilizer is split into two distributions: a first granular N fertilization is applied at tillering [growing stage (GS) 20] (Zadoks et al., 1974 ) and a second one at the beginning of stem elongation (GS 31) ].
However, a third top-dressing or foliar N application, from the boot stage (GS 40) until the beginning of anthesis (GS 62), could enrich the N content of the vegetative organs (Oury et al., 2003) . As a conse-quence, more N would be available to be translocated later on to the grain, thus leading to an enhancement and stabilization of the GPC and gluten property (Fuertes-Mendizábal et al., 2010) .
Another strategy that can be adopted to enhance wheat GPC is to use concentrated foliar sprays between heading and flowering (Fageria et al., 2009) at a low N rate in order to limit the risk of foliage burning (Brown and Petrie, 2006) . The application of foliar N fertilizer could easily be applied in mixtures with fungicides to control Fusarium head blight, thus minimizing the cost of its distribution.
The determination of the rheological properties of wheat flour dough is essential. The most common tests are empirical and are based on instruments such as the farinograph and alveograph (Ktenioudaki et al., 2010) . Recently, a new rheological tool has been introduced, Mixolab ® (Chòpin Technologies, Paris, France); this instrument, through just one test, can provide information on the rheological properties during kneading, as well as on the protein quality, starch properties and enzymatic activity, and can thus reduce the testing labor requirements and enhance information on baking behaviour (Codin et al., 2012) .
In order to satisfy the demand for common wheat for superior quality flour, it is necessary to explore the effect of the late-season N application on the dough properties in more detail. Moreover, in order to guarantee the formation of more homogeneous lots, in term of qualitative traits, to comply with the increasing requirements of the food chains, there is also a need to verify the role of these fertilization practices on reducing the variability of the growing conditions in different production situations.
Therefore, the aim of this study was to evaluate the effect of late-season N fertilization strategies, by comparing a granular N distribution with a foliar N application, on winter wheat yield, GPC and rheological quality stabilization, evaluated using the Mixolab ® instrument (Chòpin Technologies), under different production situations.
Materials and methods
The experiment was set up between 2007 and 2013, over 6 growing season at different sites in North West Italy that are representative of the main winter cereal cropping areas. A total of 18 trials (6 growing seasons X 3 sites) were performed. The main soil properties and meteorological information pertaining to the experimental fields are summarized in Table 1 .
Three different late-season N fertilization strategies were compared in order to establish the influence on wheat quality: i) T1, control without N distribution after the stem elongation stage (GS 31); ii) T2, foliar N fertilization at flowering (GS 65): 5 kg N ha -1 was applied using a foliar liquid fertilizer; iii) T3, top-dress granular soil fertilization at the beginning of heading (GS 52): 40 kg N ha -1 was applied, top-dressed, as ammonium nitrate (27% N w/w).
All the plots received 130 kg N ha -1 split into 50 kg N ha -1 at the tillering stage (GS 25) and 80 kg N ha -1 at stem elongation (GS 31) as ammonium nitrate (N 27%; Yara S.p.A., Milan, Italy).
The foliar liquid fertilizer used in T2 was YaraVitaTM Last® N (Yara Italia S.p.A.) and had a composition of 312 g N L -1 , 25%, of which 3.9, 3.9 and 10.6% were nitrate, ammonium and ureic N, respectively; 16 L of product formulation ha -1 , according to the commercially recommended rate).
The complete treatment schedule is summarized in Table 2 .
The experimental design was a randomized complete block with four replicates. The plot size was 7×1.5 m. All the trials were performed using the Bologna c.v. (Società Italiana Sementi, San Lazzaro di Savena, BO, Italy), a medium-long cycle winter wheat of medium height, currently grown for improver and superior bread making wheat chains. The seed bed was set after ploughing (30 cm) and harrowing. Planting was conducted in 12 cm wide rows at a seeding rate of 450 seeds m -2 . All the plots were treated with two fungicide applications: a mixture of azoxystrobin and cyproconazole (Amistar Xtra®, Syngenta Crop Protection S.p.A., Milan, Italy) applied at 0.2 kg + 0.08 kg active ingredient (AI) ha -1 at steam elongation (GS 35) to control foliar disease and a mixture of prothioconazole + tebuconazole (Prosaro ® , Bayer Crop Science S.r.l., Milan, Italy, formulation: emulsifiable concentrate) applied as 0.125 kg AI ha -1 at flowering (GS 65) to avoid Fusarium Head Blight infection and protect the flag leaf. The foliar fertilizer and fungicide were applied together using a three-nozzle precision sprayer (T-Jet 110/04) with a fine mist at a slow walk to ensure effective coverage. The delivery pressure at the nozzle was 324 KPa.
Article
The grain yields were determined at crop maturity using a Walter Wintersteiger cereal plot combine-harvester. The grain yield results were adjusted to 13% moisture content.
The harvested grains were mixed accurately and 2 kg grain samples were taken from each plot for qualitative analyses.
Grain protein analyses
Grain samples (300 g) from each plot were milled using a Retsch ZM 200 (Retsch GmbH, Haan, Germany), fitted with a 1 mm aperture sieve, and the resulting wholemeal was analysed by means of near-infrared reflectance spectroscopy, using a NIRSystems 6500 monochromator (Foss-NIRSystems, Silver Spring, MD, USA). The GPC (N×5.7, dry matter basis) was determined according to AACC 39-10 (AACC, 2000).
Rheological quality analysis
Two kg grain samples were milled in an experimental Bona 4RB mill (Bona, Monza, Italy) after tempering according to their hardness.
The alveographic properties were evaluated using a Chòpin alveograph (Chòpin Technologies), according to ICC Standard Method 121 (ICC, 2010) .
The rheological and enzymatic properties of the samples obtained in the 2010-2011, 2011-2012 and 2012-2013 growing seasons, for a total of 9 trials, were studied using a Mixolab ® analyzer (Chòpin Technologies), according to ICC Standard Method 121 (ICC, 2010) . The instrument allows specific information to be obtained on the behavior of dough constituents (protein and starch) by continuously measuring the torque (Nm) produced by the passage of the dough between two mixing blades, submitted to the dual stress of mixing and temperature changes. The resulting Mixolab ® (Chòpin Technologies) curve is separated into five different phases. The key parameters derived from the Mixolab ® (Chòpin Technologies) curve are: water absorption (WA, %), which represents the amount of water that flour can absorb to obtain a requested dough consistency to produce a torque (peak C1) of 1.1 Nm +/-0.05 at 30°C; dough development time (DDT, min) -the time required to obtain the maximum torque (C1) at 30°C; dough stability (min) -the time during which the upper frame is >C1; amplitude (Nm) -the width of the curve to C1 which identifies the elasticity of the dough; protein strength (C2, Nm) -the decrease in dough consistency due to shear and temperature stress (from 30°C to 60°C); starch gelatinization (C3, Nm) -the starch granules absorb water and the further increase in temperature (from 60° to 90°C) results in an increase in viscosity; hot gel stability (C4, Nm) -indicates the hot gel stability connected to the amylase activity (at a constant temperature of 90°C); retrogradation starch (C5 -Nm) identifies the starch gelling in the cooling phase (from 90° to 50°C). Further details on the physical changes that occur during a Mixolab ® (Chòpin Technologies) measurement have been reported in Rosell et al. (2007) .
Statistical analysis
The results of the Mixolab ® (Chòpin Technologies) analyses are reported as the means of 9 trials and four replicates, while the yield, GPC, W and P/L results are reported as the means of 18 trials and four replicates. All the recorded parameters were analyzed obtained by means of an analysis of variance (ANOVA), according to a completely randomized block design, in which the treatment was the independent variable and the trial was a random factor. The residual normal distribution was verified using the Kolmogorov-Smirnov test, while variance homogeneity was verified using the Levene test. Multiple comparison tests were performed according to the REGW-F test on treatment means.
Correlations between the GPC, flour alveograph parameters (W, P/L) and the Mixolab ® (Chòpin Technologies) parameters (WA, DDT, amplitude, stability, C2, C3, C4 and C5 values) were assessed by means of Pearson's test (*, ** levels were considered significant at P<0.05 and P<0.01).
The SPSS for Windows statistical package, Version 22.0 (SPSS Inc., Chicago, IL, USA), was used for the statistical analysis.
Results
The six growing seasons differed mainly as far as the total rainfall that occurred in the period between the wheat sowing (November) and the dough stage (June) is concerned (Table 1 ). The 2008-09 and 2010-11 growing seasons were characterized by higher rainfall, while 2007-08 and 2011-12 resulted in the lowest total rainfall. The total N content measured at the beginning of wheat tillering differed from site to site within of each growing seasons, ranging from 0.060 to 0.168%.
The average grain yield, the GPC and the mean alveographic indexes of each treatment are reported in Table 3 . As far as yield is concerned, the statistical analysis did not show any significant difference between the three strategies of late N fertilization, while significant differences (P<0.001) were pointed out for GPC. The top-dress granular N fertilization at the beginning of heading (T3) enhanced GPC more than the foliar application at flowering (T2); the protein content increased by 4.3% and by 8.5%, respectively, compared to the unfertilized control (T1). Thus, the control (T1) reached the goal of satisfying the request of wheat chains for a GPC of 13.0% for superior bread making (Foca et al., 2007) in 60% of the considered cases, while the target of a GPC of 14% (requests for improver wheat) was only reached in 25% of the considered production situations (Figure 1 ). The first qualitative target was reached in 68 and 95% of the cases for T2 and T3, respectively, for the late-season N application strategies while the more demanding level for improver wheat was reached in 40 and 70% of the considered production situations, respectively. Only the granular late N fertilization (T3) significantly increased the dough strength W, compared to the control (T1). A significant (P<0.001) improvement in the W values with this fertilization strategy was pointed out by increases of 25 and of 16%, compared to the control (T1) and the foliar N application (T2), respectively. The P/L index was not affected by the late season N fertilization strategies, thus confirming the prevalent role exerted by the pedo-climatic interactions on the tenacity and elasticity of the dough.
As far as the incidence of success for the wheat chains' request for a greater dough strength (W) is concerned, the late-season N unfertilized control (T1) satisfied the wheat chains' request for the superior bread making wheat (≥250 J 10 -4 ) in 82% of the cases, while the improver quality request (≥300 J 10 -4 ) was only satisfied in 47% of the cases. The foliar N fertilizer application at flowering (T2) reached this target in 90 and 60% of the production situations, respectively. Conversely, the incidences of success for both of the W qualitative levels, through the top-dress application of granular N fertilizer (T3), was reached in 100% of the cases.
The effect of late-season fertilization strategies on the rheological and enzymatic parameters analyzed by means of the Mixolab ® (Chòpin Technologies) instrument are summarized in Table 4 . Water absorption, DDT and amplitude values highlighted the higher gluten stretch Table 2 . GPC, grain protein content; W and P/L, alveograph parameters; T1, control without a late distribution of N; T2, foliar N fertilization at flowering; T3, top-dress granular soil fertilization at the beginning of heading. a-c Means followed by different letters are significantly different (the level of significance is shown in the table). The reported values are based on 18 experimental fields and 4 replications ± standard deviation. The interaction between the treatment and the experiment was never significant. obtained with the application of top-dress granular N fertilizer at heading (T3), compared to the control (T1). Intermediate results were reached for the foliar application at flowering (T2). The effect of the fertilization strategies was also evident on the starch behaviour of the dough, which is affected by kneading and temperature: after the lateseason N fertilization, an increase in starch gelatinization (C3) was observed at the onset of the process, together with a higher stability of the hot-formed gel (C4) and a reduction in the starch retrogradation (C5) at the end of the process. The amplitude of the improvement was always more evident for the T3 strategy (5, 9 and 8%, respectively, for the investigated starch parameters) than for T2 (3, 4 and 3%, respectively), compared to the untreated control (T1). The correlation coefficients between the parameters that describe grain quality are reported in Table 5 . GPC was significantly and positively correlated to the W alveographic index, as well as to the farinographic one (water absorption, DDT) and the C2 (protein quality) Mixolab ® (Chòpin Technologies) parameter. On the other hand, GPC was inversely correlated to P/L, the amplitude and the Mixolab ® (Chòpin Technologies) parameters that describe the starch behaviour (C3, C4 and C5). With the exception of W, no correlations were observed between P/L and the other quality parameters.
As far as the environmental effect on qualitative parameters is concerned, the average GPC and W index in the sandy-loam (Cigliano) and in silty-clayey-loam (Poirino) soil were similar; considering the 6 growing seasons the GPC was 13.8±1.3 and 13.7±1.1%, while the W index was 316±63 and 328±52 J 10 -4 , respectively. Within the compared environments, this variability was positively influenced by the total N content measured at the beginning of tillering and negatively by the rain-fall during the growing season, while no correlation was found with GDD. Thus, the 2007-08 growing season, with the lowest rainfall, showed the average highest GPC and W index values; conversely the 2008-09, with higher rainfall had the average lowest quality.
As shown in Figure 2 , grain yield and the W index were not clearly correlated for the compared production situations: the late-season N fertilization strategies enhanced the flour quality at all the productivity levels (from 3 to 9 t ha -1 ). Furthermore, the figure clearly shows that the application of the T3 fertilization strategy reduces the variability of the W index, considering the different production situations, compared to the untreated control (T1). Although the foliar N fertilization (T2) was able to improve the average W index, compared to T1, it did not result in a notable reduction in the variation range of this parameter for the considered production situations.
Discussion and conclusions
The results of this study have pointed out that, for Southern European climatic conditions, a fertilization strategy that involves a late-season N application, from early heading to flowering, is an essential practice to satisfy the wheat chains' request for superior bread making and improver wheat.
Considering the two late-season N applications that were compared, it can be seen that although the top-dress granular N fertilizer applied at heading (T3), did not provide any yield advantages, it did lead to a more constant increase in GPC and flour rheological quality, for differ- ent production situations and productive yields. This result is in agreement with the work of Jia et al. (1996) , who, considering 20 locations in the South of France, demonstrated that a late N application did not result in a significant increase in winter wheat grain yield but did lead to a clear improvement in GPC and in the bread-making quality properties. Although the foliar N application at flowering (T2) significantly increased both the GPC and rheological indexes, recorded by means of the Mixolab ® (Chòpin Technologies) device, compared to the control (T1), this application strategy showed less capacity to enhance the rheological quality of wheat, by means of a higher protein content, than a granular application at the beginning of heading (T3). The collected data, which refer to 6 growing seasons and different environments, have highlighted the productive and qualitative variability that can take place in the same wheat cultivar cultivated in different production situations. Within the environments, the variability of qualitative parameters was relevant and mainly influenced by the soil N content and the rainfall during growing seasons. Furthermore, the range of variability between years was similar among the sites.
The late-season N fertilization, whether foliar or top-dressed granular, did not affect the productive variability for the different environment and growing seasons, and showed a range of variation that was similar for the treatments. Conversely, it is clear that the late-season N application strategies, particularly N granular fertilization at heading, could reduce GPC and the alveograph W variability for different environments to a great extent, as can be seen in Figure 1 . Consequently, this strategy not only increases the probability of satisfying the requests of the quality chains, but it also clearly ensures a more homogeneous quality of raw-material, for the space and temporal variability.
The elastic behaviour of dough (P/L) was more independent of the late-season N fertilization than W (Fuertes-Mendizábal et al., 2010) . The result of the present experimentation, where no differences in P/L values were observed for different fertilization strategies, is in agreement with that of the aforementioned authors. However, the data obtained from the Mixolab ® (Chòpin Technologies) instrument showed a decrease in dough elasticity (amplitude) for the top-dress granular N fertilization at heading, and a highly negative correlation between the GPC and P/L values. These results are in agreement with those of Borghi et al. (1995) , who described the beneficial effect of increasing the N rate at heading, not only on the grain protein content but also on dough extensibility (L). Furthermore, the here conducted experiments have confirmed that soil granular N fertilization, apart from clearly increasing the protein quantity, also increased the protein strength (C2), thus improving its quality (Ozturk et al., 2008) . Conversely, all the Mixolab ® (Chòpin Technologies) values of the starch parameters (C3, C4 and C5 points) decreased for the late-season N application and, at the same time, these values were also negatively correlated to the GPC. The observed starch behavior is in agreement with that observed in the study carried by Kahraman et al. (2007) , who observed a negative relationship between starch gelling and retrogradation and the protein content in the flour. Koksel et al. (2009) also found a significant negative correlation between the C3, C4 and C5 Mixolab ® (Chòpin Technologies) parameters and bread volume.
The foliar N fertilization at flowering, applied together with a fungicide, at a low N rate and at a low cost, represents a compromise, since this strategy has been shown to lead to a lower increase in grain protein content and flour rheological quality than the top-dressed granular one at a higher N rate. Moreover, in the present experiment, the foliar application only contributed minimally to reducing the influence of environmental factors on the qualitative parameters and to promoting the production of more homogeneous raw material.
In conclusion, the best qualitative advantages have been obtained using top-dress soil granular N fertilization at heading, and the qualitative improvement, which has been constant for different production situations, can thus contribute effectively to the production of more standardized lots in order to obtain superior quality flour.
